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DETERMINATION OF MOLECULAR CONTAMINATION PERFORMANCE 
FOR SPACE CHAMBER TESTS 

John J .  Scialdone 
Goddard Space Flight Center 

INTRODUCTION 

One characterization of vacuum chamber performance for the simulation of the environment of 
space is called permissiveness. This word was coined to  describe the ability of the chamber to allow, 
as in space, oniy radiation heat transfer and to prevent the return of the outgassed molecules (ref. 1). 
These two characteristics of space are approximated by (1) providing a molecular density about the 
spacecraft sufficiently low that the probability of collisions between the molecules is extremely low 
and (2) having the chamber walls sufficiently cold to  approximate the 4-K temperature of space. In 
the second case, the walls act also as a part of the pumping system. Restricting the discussion to  the 
return of molecules to  the spacecraft, although this is not divorced from the heat transfer problem, 
the reduction in molecular collision is obtained by evacuating until the mean free path of the gas 
molecules is in excess of the dimensions of the chamber. When this condition is met, the molecules 
should not interact with each other but will impinge on the chamber walls. At the walls they may be 
removed at the pumping system ports; immobilized by one of the surface effects, such as adsorption, 
condensation, or cryosorption; or they may be reflected with random directions back into the volume 
of the chamber. Some of these reflected molecules hit the spacecraft surfaces and may be retained; 
others will strike other parts of the walls, and the process is repeated. A measure of the chamber per- 
formance in the prevention of molecules returning to the spacecraft is given by the self-contamination 
coefficient defined as the ratio of the molecules returned and immobilized at the spacecraft to  those 
outgassed from the spacecraft. This parameter is a function of the relative dimensions of tne space- 
craft and chamber; the location of the test object; the outgassing products and their temperatures; the 
temperature of the walls; the number, sizes, and nature of the pumping devices; and the natures of the 
surfaces involved. In the construction of space chambers the self-contamination has been minimized, 
and the prevention of contamination has been quite effective. In fact, testing of spacecraft in these 
chambers has been invaluable in detecting operational problems and in insuring excellent performance 
of these craft in space. Recently, however, with the installation on spacecraft of contamination- 
sensitive experiments and instruments, considerations of chamber self-contamination performance hgve 
become more important. It has become necessary to  establish the degree of contamination experienced 
during testing and to relate this to  the self-contamination possible in space. In space, contamination of 
critical surfaces has been experienced and it appears that one of the possible reasons is the self- 
contamination occurring because, at least within relatively low orbits, space is not completely 
permissive (ref. 2) .  

' 
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It is the intent here to  examine the flow conditions in a vacuum chamber containing a space- 
craft under test, to examine the parameters affecting the contamination of the spacecraft, and to 
arrive at a determination of the degree of contamination. The following analysis considers the type 
and location of the instrumentation and the parameters that are important for the evaluation of con- 
tamination. The present method of nude gage measurements as a characterization of the space simula- 
fion is discussed and shown to be inadequate for the evaluation of the contamination performance. 
Further equations and graphs have been developed to  show the effect of each of the spacecraft 

ance with a few chamber measurements. 

I 

I 

I 

chamber characteristics. These graphs permit the evaluation of the chamber contamination perform- 1 

MOLECULAR KINETICS IN A CHAMBER 

If the mean free paths of the molecules outgassed from the test object in a chamber are shorter 
than the chamber dimensions, molecular collisions occur. A very large number of molecules having 
random velocities and directions produce a statistically uniform gas density. Under these conditions, 
Boltzmann-Maxwell statics and the ideal gas law are valid. The pressures and fluxes as a measure of 
the momentum and number of molecules moving per unit area are uniform at all locations and direc- 
tions. This condition is still partially valid when the gas mean free path is larger than the chamber 
dimensions in a chamber with no cold walls and with small ratio of pump inlet-to-surface area. There, 
the molecules emitted by the test object are reflected from the walls and subsequently collide. These 
collisions provide the randomness in direction and magnitude of velocity that is necessary for the 
omnidirectionality of pressure and flux. In contrast, large space simulation chambers with cryogenic 
surface and large port areas immobilizing and removing molecules produce directional molecular 
fluxes. The molecules leave the test object directed to the wall and ports and the momentum and 
density are not statistically uniform in all the directions. Because the fluxes are not omnidirectional, 
density and pressure are no longer related. One cannot use the pressure measurements in the cham- 
ber as an indication of the molecular incidence rate on a surface anywhere in the chamber. 

Further, because the molecular incidence rate on the surface of the spacecraft is the parameter 
determining the rate of contamination, its value must be established using flux measuring devices at 
the locations of interest or inferred from equivalent measurements. Quartz crystal microbalances are 
ideal for flux determination. Tubulated ionization gages properly oriented and used as impact gages 
can provide equivalent pressure measurements that can be related to  the directional fluxes. The density 
within these tubulated gages will reach a level at which the efflux of the molecules from the probe 
opening is equal to the influx of the molecules from the environment. The molecular influx is given 
by the molecular flux incident on the probe opening and the pressure, as a measure of the density 
and temperature in the gage, is related to  the directional flux. The gas law, 

P = n k T  N m-2 (1 )  

where IZ is the gas density, k is the Boltzmann constant, and Tis  the gas temperature, is valid for the 
conditions in the gage. The formula for flux (mass flow per unit area) is 

I 1 c p =  - kg m-2 s-l 
4 nmc 
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where m = M/N is the mass of the molecule and c, the average molecular velocity, is determined by 

Combining these equations, the flux may be found in terms of the pressure and temperature of the 
gage : 

1 /2  
'= (A) P kgm-2 s-l 

2nkT 
(4) 

The pressure read by this gage can be used to describe the incoming gas and indicate an equivalent gas 
pressure. This pressure will not be the pressure in the thermodynamic sense as an isotropic property 
relating force per unit area and independent of the orientation of the area. 

Molecular Mass Rates From Spacecraft and Chamber Walls 

A spacecraft undergoing test in a space chamber under steady-state conditions outgasses a mass 
rate qmo (measured in kilograms per second). If this mass is emitted uniformly from the surface A,,, , 
the flux is 

q m o  
'mo - - 

A m  

kg m-2 s-l - 

The chamber walls, because of their outgassing or leakage, emit a mass rate qco that may be produced 
by a uniform flux 

qco ' = -  
co 

A C  

where A ,  is the chamber internal surface. However, the total mass rates from the spacecraft q,,, and 
from the chamber wall 4,  include not only their own outgassing but also fractions of their outgassings 
that have been reflected and intercepted again. (See fig. 1.) The total rate from the spacecraft is 

qrn - -qmo + (1 - qrn P 4 ,  ( 5 )  

The second term in the right of the equation represents the fraction of the total mass originating at  
the wall qc that intercepts the spacecraft with probability B and is reflected by the spacecraft surface 
having a reflection coefficient (1 - q, ). The coefficient q,,, is the capture coefficient of the surface of 
the spacecraft for the gas. This and the capture coefficient of'the chamber wall qc will be discussed 
later. The probability B will also be defined. 

The total mass rate leaving the chamber wall is 

4, = 4, (1 - 77,) + (1 - VJl - B)4, + 4,, 

The first term on the right is the fraction of the total mass from the spacecraft reflected by the cham- 
ber walls. The second term represents the fraction of the total mass from the chamber walls that does 
not impinge on the spacecraft and does not stick on other areas of the chamber wall. The third term 
is the outgassing from the chamber walls. 

( 6 )  
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Figure 1 .-Chamber geometry and assumed flows. (d,,, = diameter of test ob- 
ject; T,,, = surface temperature of test object; d, = diameter of chamber; and 
T, = wall temperature of chamber.) 

The simultaneous solution of the two equations gives the following relations. The total mass rate 
from the spacecraft is 

q,Il + B ( 1 -  77,)/77,1 +4,Jl - 77,)hc1B 

1 + 77, B(1 - 77, )/?-I, 

- 
q m  - (7) 

and the total mass rate from the chamber is 

4,(1 - 77J77, + qc0/77, 

1 + 77, B( 1 - 77, 1/77, 
4 c  = 

These equations can be simplified further by introducing the dimensionless parameter 

1 - 77, 
B z= - (9) 

77, 
which includes the capture coefficient of the chamber walls and the geometric factor B expressing the 
probability that the molecules randomly leaving the chamber will hit the spacecraft surface. AS will be 
shown later, this parameter turns out to  be the number of times a molecule emitted from the space- 
craft will return to it, or the ratio of the mass returned to the vehicle out of the total outgassing when 
the outgassing or  leakage from the chamber and the capture coefficient of the vehicle are both zero. 
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The two previous equations with this parameter reduce to 

Yrn 

and 

4,  = 

Ratio of Mass Rates, Fluxes, and Pressures 

The ratio of the mass rate leaving the wall to the mass rate leaving the spacecraft is given by 

. .  

4 ,  1 +z+ (qco/qmo)t(l  - ~ m ) / ~ c l B  

Because q, = @,A, and q ,  = @, A,,, , where @ is the flux or mass rate per unit area with the restric- 
tions indicated previously regarding the meaning of the pressure, the following relations obtained from 
equation ( 4 )  can also be used: 

- 4, A m  - -  - 

qrn Ac 
(The subscripts have the same meaning as before; i.e., c for chamber and m for spacecraft.) 

Spacecraft Outgassing in Terms of the Mass Rates From the Spacecraft and the Chamber 

The outgassing rate from a spacecraft can be determined from the measurement of the total mass 
flow q ,  originating at the spacecraft and a knowledge of the chamber outgassing qco , the capture 
coefficients q m  and qc , and configuration probability B .  From the relation for q,  , one obtains 

This may also be obtained by measurement of the total mass flow q,  from the chamber wall: 

Again these relations can be transformed into fluxes or equivalent pressures. It should be noted that " 
the two equations include the total outgassing mass of the chamber walls. This can be determined 
provided 2, B ,  and qm are known for the system by making simultaneous readings of q,  and 4, .  
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More simply, qc should be established independently; one method would be by measuring the rate of 
pressure rise when the chamber is empty and secured. However, the outgassing or leakage from the 
chamber should be negligible under cryogenic wall conditions and that term in the equations can be 
neglected. This would not be true during warming of chamber walls when evaporation of condensation 
from the walls occurs. 

SEL F-CONTAM INATION PERFORMANCE PAR AM ETERS 

As a measure of the self-contamination in a chamber, several parameters may be defined (refs. 1 
and 3 to 5). C, indicates the ratio of the mass rate impinging and absorbed by the spacecraft to the 
spacecraft total outgassing. For q,, = 0, 

qc'qm c, = - 
qmo 

Another parameter similar t o  C, is the ratio of the mass rate returned to  the spacecraft to  its outgassing 
rate; i.e., 

qCB a =  - 

qmo 

Both relations are obtained from previous equations properly modified. The parameter a is equal to  
C, /q, . Other important parameters will result from these equations when simplifications and substi- 
tutions are performed. 

C, and CY are shown in table 1 together with other relations obtained by parametric variations Of 

the controlling coefficients. Before these are discussed, however, the capture coefficients qm and qc 
and the configuration probability B will be discussed. 

Configuration Factor 

The configuration factor B represents the probability that molecules departing the chamber walls 
'according to the cosine law strike the spacecraft. The factor, analogous to  the energy interchange 
factor in radiant energy transfer, accounts for the geometric relationship between surfaces. The 
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configuration factor between two elements of areas dAc and dA, separated by a distance Y is 

r r  COS^ COS 

The calculation of this double integral can be performed in closed form for several simple geometric 
arrangements; tables listing these values are available (refs. 6 and 7). Computer programs using finite 
differences, contour integrals, and combinations of these two techniques are available and provide 
numerical values for all practical geometric arrangements (ref. 8). The reciprocity theorem relating the 
configuration factor from one area to the other is very helpful in these calculations. I t  states that 

* 

BA,+ A ,  = BA,+ A C A m  

The configuration factor B for the probability of molecules from a larger sphere (diameter d,) imping- 
ing on a concentric smaller sphere (diameter dm ) is B = d: /dz . For two infinite concentric cylinders 
of diameters d, for the larger and d, for the smaller, B = d, /dc ; and for two parallel infinite planes, 
B =  1. 

Capture Coefficient 

The capture coefficient indicates the fraction of the mass removed by a surface to  the mass that 
has impinged on the surface. The gas may be removed by pumps and by a combination of molecular 
condensation, adsorption, and entrapment on the surface. Molecular condensation is obtained when 
the vapor pressure of the condensed gas at the temperature of the surface is less than the gas phase 
pressure. In general, chamber walls are maintained at liquid nitrogen temperatures (77 K), gaseous 
helium temperature (20 K), and a combination of these two. In the case of two temperatures, the 
colder surfaces a t  20 K are shielded in a variety of ways by warmer walls (77 K) (ref. 3). This arrange- 
ment approaches the condition of space to simulate radiation heat transfer and provide sufficient cold 
surface for condensation of most of the gases emitted by the spacecraft, and is economically acceptable. 
In some cases, cryosorption employing cryopumping of condensables and cryosorp tion of noncondens- 
ables is obtained with liquid-helium-cooled molecular sieve materials. Surface adsorption exists when 
the surface exposed to the gas is a t  temperatures precluding condensation; Le., the vapor pressure of 
the gas corresponding to the surface temperature is higher than the gas partial pressure. In this case, 
a few monolayers of gas are held on the surface by physical forces of intermolecular nature. Other 
methods of removing gases at surfaces exist but are not of general applicability in large space simula- 
tion vacuum chambers. The capture coefficient of the chamber walls q, can be described as the sum 
of the capture coefficients provided by the pumps q, and the cold walls qcry0. Each is the ratio of the 
removed mass to the impinging mass (flux times area). The mass removed by the pumping system is a 
function of the pumping port, the temperature and nature of the gas, and the pump type. This mass 
will be a, A,, 6 where a, is the flux impinging, A ,  is the pumping port area, and 6 is a coefficient . 
accounting for the geometry of the pumping port and the pump limitations. The pump capture 
coefficient then will be 
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where A ,  is the total surface area of the chamber. For a small chamber this coefficient is generally less 
than 0.1 ; for larger chambers it is generally less than 0.01 (ref. 9). The condensation mass on the cold 
surface A ,  can be expressed as the difference between the impinging and evaporated masses modified 
by a condensation coefficient 0. If the gas has a pressure P and temperature T and its saturated pres- 
sure is Ps at the temperature Ts of the surface, the condensed gas will be 

where @e is the evaporated flux. In addition, a factor y must be included in equation (21) to  account 
for the geometric arrangement, hence reflecting the probability that a molecule actually reaches the 
surface on which condensation occurs. The capture coefficient for the condensation can then be 
expressed as 

where A ,  is the chamber internal shroud area. 

condensation on surfaces at temperatures between 9.5 and 77 K (refs. 10 to  14). The geometric 
coefficient 7 is dependent on the design of the array. In many cases this can be approximated using 
the various closed-form solutions for orifices and pipes. Statistical methods such as the Monte Carlo 
method have been used or can be used to evaluate the probability of molecules reaching the cold sur- 
faces (ref. 15). That portion of equation (22) within parentheses approaches 1 if the vapor pressure is 
an order of magnitude lower than P corresponding to  the case of no reevaporation. Finally, the ratio 
Ar/Ac  cannot be greater than 1 in equation (22); but by providing several surfaces from which mole- 
cules noncondensed on first impact can rebound, the energy of the molecules is reduced and can be 
subsequently trapped. In effect, because of multiple reflections, this provides an improvement on the 
coefficient of condensation p. The total capture coefficient for a chamber wall reflecting the various 
parameters discussed is therefore the sum of the two capture coefficients q, and qcryo; Le., 

The coefficient of condensation p for gases at about 300 K ranges from about 0.6 to  0.95 for 

The first term varies from 0.01 to 0.1 as mentioned. The second term has been calculated using the 
Monte Carlo method for three configurations of radiation-shielded cryopump geometries normally 
employed in chamber design. Its value when p and the term in parentheses are equal to 1 varies from 
0.25 t o  0.45 (refs. 3 and 16). The shielding surfaces protecting against heat loads from inside and out- 
siae the chamber are usually near 100 K. The cryopump surfaces are at 20 K. If a design does not 
include shields o r  baffles, the second term reduces to the condensation coefficient 0; and when 
Ps << P, the capture is quite effective for the condensable gases. 
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In summary, the following generalizations are made about the capture coefficients of space 
chambers: 

(1) The coefficient, when no refrigeration is provided, is less than 0.1 for small chambers, less. 
than 0.01 for large chambers, and is about 0.8 for unshielded cryopumping surfaces. 

(2) Special unshielded chambers with special geometric surface configurations (Jet Propulsion - 
Laboratory Molsink) have been reported (ref. 9) to  have a capture coefficient approaching 
0.98. 

(3) The coefficient for molecules condensing on 20-K surfaces (noncondensable) is about 0.3 
when these surfaces are shielded by surfaces at temperatures near 100 K.  

The capture coefficient q, of the object under test will be a function of the temperature, 
nature of its surface, and the nature and temperature of the gas. If the surface is at room 
temperature ( ~ 2 9 3  K), the coefficient may be quite small and little adsorption may occur. 
Cold surfaces, of course, will have a capture coefficient dictated by the condensation coefficient 
and the evaporation effect. 

Vacuum Chamber Parameters 

Table 1 shows the various relations for chamber flows in terms of the coefficient 2, the capture 
coefficient of the test item q, , and geometric configuration B.  The parameter 2 includes the cham- 
ber capture coefficient q, and B.  The equations are in dimensionless form and relate the mass flow 
from chamber and spacecraft to the outgassing of the spacecraft and chamber. In addition, the 
performance parameters of contamination C, and a are shown in the tabulation. 

outgassing from the chamber walls (i.e., q,, f 0) and the other is for q,, = 0. For the case of q,, = 0, 
the parameters have been also evaluated for the limiting conditions of q, = 1, q, = 0, q, = 1, and 
q m  = 0 and for the combinations of r ] ,  = 1 and q, = 0 each for both q, = 1 and q, = 0. For the case 
of q,, Z 0, the spacecraft would experience a chamber-induced contamination in addition t o  self- 
contamination. The degree of induced contamination would be in direct proportion to  the amount of 
chamber wall leak, which either should not exist or should be a very negligible amount if the chamber 
is performing as intended. It is expected that the chamber has been checked for leaks and properly 
degassed prior to  each test. But, if leaks from the walls, backflow from the pumps, or wall outgassing 
should exist during a test, the values of q,  and q, would be higher than expected, with a correspond- 
ing indication of high self-contamination and poor chamber performance. 

Two major groupings for these relations are shown in table 1 : one includes the leakage and/or 

Parameters for the Case 9,, = 0 

The parameter that appears in all of the relations describing the contamination performance iv a 
space chamber is 2. (See eq. (9).) As shown in table 1 ,Z  represents the attenuation or amplification 
factor to  be applied t o  the spacecraft outgassing to obtain the amount of outgassed material returning 
to the spacecraft when no other source of gas exists in the system (Le., q,,  = O), and the capture 
coefficient of the spacecraft q, is equal to zero. Also for this case, 2 can be interpreted as being the 
number of times a molecule emitted by the spacecraft impinges on it before it is removed by the 

' 

9 



--r- 1 0 E 

- 
I1 

9 -  

C 

0 
I1 

E F 

8 8 8 

- 

8 

8 

P 
__ 

P 

- I Q  

___ 

- l Q  

8 8 8 8 

8 - I  Q 

0 0 

- 

0 

0 0 

s 
P 0 0 * 

h 
N + - 
v 

8 
P 

h NIL N 

u 
N + - N l  Q N 0 

0 
It 

P 
3 

- 

0 
11 

c" 

- I  2 - I  d 

- I N  0 0 0 

0 
X 
E 
F 
0" 
X 
F" 

- 

c, 
P 

10 



chamber sink. Figure 2 has been plotted to  show the variation of 2 with the geometric factors B and 
q,. The figure and table 1 indicate that for q, approaching zero, 2 approaches infinity; whereas if 
q, approaches one, 2 tends to zero. The condition of qc = 0 implies no pumping in the chamber; con- 
sequently, with the presence of a gas source, a steady increase in chamber pressure would exist. It is 
apparent from the figure that for a chamber with small q, , and for many of the usual chamber space- 
craft arrangements as embodied in parameter B ,  2 will be greater than 1. That is, the molecules will 
return more than once to the spacecraft before they are removed. The determination of 2 can be made 
by measuring at  the spacecraft surface the fluxes from the chamber walls and the spacecraft. This is 
discussed later. 

The general expression for the fraction of the outgassing molecules returning to the spacecraft a is 
given by equation (1 7). If the object capture coefficient equals zero, for example, when its surfaces are 
at  relatively high temperatures, CY = 2. The product q,B is the fraction of gas from the chamber wall that 
impinges on the test object. This is the total amount of the outgassing q,,  that may contaminate the 
object under test. Figure 3 has been plotted to  show the effect of the test object capture coefficient q, 
upon a as a function of the chamber object characteristic 2. It shows that a is not sensitive to  q m  for val- 
ues of Z < 1. Large values of q, reduce the amount returned to the object when Z > 1 .  If the object 
is also a perfect sink ( r ) ,  = 1 )  and 2 approaches infinity (qc = 0), whatever emerges from the object 
is reacquired by it. For Z < 10, not all of the emitted gas is reacquired by the object. The measurement 
af the coefficient cy is obtained by taking the ratio of the fluxes to and from the object near the object 
surface where any molecules from the chamber walls will surely impinge on the object. 

The fraction of the spacecraft outgassing that returns to  and is immobilized on the spacecraft is 
the self-contamination coefficient Cs given by equation (1 6). It is the product of the previous param- 
eter a and the capture coefficient of the object. There will be no  contamination if qm = 0 and/or 
Z=O(q ,= l ) .  Ifq, = 1,then 

.._ 

Z 
CS=a=- z+ 1 

Figure 4 shows Cs as a function of 2 and q, . This figure, as the previous one for a, shows that for 
small values of Z and/or q m  , the self-contamination Cs e q, 2. At small values of 2, the nonlinearity 
of the functions for a and Cs is no longer strong. The determination of the self-contamination can be 
made by measuring the rate of condensation on the surface of the spacecraft and by measurement of 
the outgassing flux emitted by the spacecraft. As will be apparent later, the flux originating from the 
spacecraft is the outgassing source only when the simulation is good; i.e., when 2 is small; otherwise, 
it includes also a portion of the flux reflected from the walls. The measurement of Cs would be 
appropriate when, for example, the spacecraft included a cold surface such as a radiation cooler on 
which condensation could easily occur. 

Under steady-state conditions, the mass rate from the test object q ,  is greater than the outgas- 
sing rate q,,. The relation between these is obtained from equation (7). The ratio q,,/q, is plotted 
in figure 5 as a function of characteristic 2 and capture coefficient q, . The outgassing quantity may 
be a large fraction of the measured quantity q,  from the spacecraft when 2 is large and the capture 
coefficient q, is less than 1 .  Conversely, if q, = 1 and/or 2 is small, the two quantities coincide: 
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Figure 3.-The effect of variation of qm on a. 
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Figure 2.-Variation of Z as a function of B and qc. 
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The outgassing q,, h terms of the flow at the chamber walls qc directed to  the spacecraft is 
obtained from equation (1 5). If the return flow is measured at the spacecraft surface, it would be 
qcB.  In that case the ratio of the returned to  outgassed flow would reduce to  the parameter 
CY = qcB/qmo. Furthermore, the two expressions for q, and q, as a function of q,, reduce t o  

and 
4 ,  = (1 +Z)q,, 

q,B = zq,, 

when q, = 0. The mass flow at the chamber wall q, directed to  the interior of the chamber is related 
to the flow leaving the spacecraft q, by the relation derived from equation (1 2) for q,, = 0. 

The ratio q,/q, is independent of q, and depends only on the geometry and the pumping 
characteristics of the chamber. A plot of this relation is shown in figure 6. It shows that better simu- 
lation (small q,/q,,, ) is obtained when the chamber is large relative to the testing object and Z is small 
(q,+ 1). The ratio, which can be expressed as a flux or equivalent pressure ratio, may be greater 
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Figure 6.-qc/q,,, as a function of B and Z. 
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than 1 for many of the values of l/B when 2 > 0.001 ; i.e., for most of the values of q,. This is to  be 
expected because q, includes not only what goes to  the spacecraft but also quantities going to other 
parts of the chamber walls. The measurement of q, at  the walls and qm at the spacecraft will not per- 
mit the determination of the contamination performance parameters unless the configuration factor Be 
is known. If the return flux is measured at the spacecraft, as mentioned before, one would be reading 
qcB,  and the expression for the return to the emitted ratio would be equal to Z / (  1 + 2). Consequently-, 
measuring both leaving and returning quantities a t  the spacecraft surface permits the determination of 
2. 

NUDE GAGE PRESSURE MEASUREMENTS IN THE CHAMBER 

The pressure obtained with a nude ionization gage in a space chamber is not very sensitive to the 
direction of the existing flows and cannot indicate the degree of self-contamination simulation. The 
gage will measure an equivalent pressure produced by the flux densities a t  the location of measurement 
and a variation of flux in one of the directions is not apparent with this type of measurement. The 
gage, however, does indicate the existing degree of gas density, which is a parameter of importance for 
other simulation effects: gas conduction, voltage breakdown, surface material effects, evaporation, 
etc. The equivalent pressure read by a nude gage in a space chamber can be estimated by the follow- 
ing method. The density n (per cubic meter) between the walls and the test object should be probably 
an average of the densities produced by the molecules originating from the two directions (ref. 17); 
i.e., 

Also the temperature of the ensemble of molecules should be a weighted average of the object and 
walls; i.e., 

1 
T = (T,  n,  + T p , )  - 

2n 

The equivalent pressure from the gas law is then 

Pe = nkT 

= -(n,Tm k +n,Tc) 
2 

1 
2 

= -(P, + P c )  

Because 
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equation (26) can be expressed in any of the forms for q, /q ,  indicated in table 1 ; therefore, 

Additional substitutions for the ratio are qc/qm 

Table 1 shows that the equivalent pressure varies from one-half the effusive pressure P, at the 
surface of the object to  a fixed value when qc = 0 and qm = 1. The fixed value becomes 1 if 
B = A ,  / A c ,  as for concentric spheres, and T,/T, = 1. On the other end, if q m  = 0, the pressure is 
one-half the effusive pressure when q, = 1 .O and infinity when q, = 0. Infinite pressure is not real be- 
cause for those conditions (q, = 0 and q, = 0) there would be no sink in the system, only a source 
of gas. 

a/B = C,/q, B when Z is small; i.e., when q ,  Xq,,. 

To show the insensitivity of this gage to  improved conditions of self-contamination in the cham- 
ber (small Z ,  C,, and a),  figure 7 has been plotted. The plot shows the pressure ratio as a function of 
the several indicators of self-contamination performance and of the wall object temperature ratio. 
The figure indicates that the pressure ratio will hardly change for values below 0.2 on the abcissa. 

0.01 0.1 1 10 

*c’*mo 

Figure 7.-Pressure ratio as a function of flux and temperature ratios. 
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The limiting value of P, = YiP,,, represents the intermediate pressure between the pressure at the 
spacecraft and the zero pressure at the walls. The assumption about density is open t o  question for 
geometries other than two parallel planes (ref. 17), but it should not be too much in error. The same - 
result for parallel planes can be obtained by integrating for u < 0 and u > 0 the Boltzmann-Maxwell 
distribution function of a gas with velocity components u, v, and w. 

CONCLUSIONS 

The sink of space is not always reproduced during test of a spacecraft in a thermal vacuum 
simulation chamber. The limitations in size, wall temperatures, and pumping devices preclude a simu- 
lation corresponding in all cases to the property of space to diffuse, according to  the orbiting altitudes, 
the molecules emitted by the spacecraft. The result is that during simulation tests molecules from the 
spacecraft are reflected by the chamber walls back to  the spacecraft where they may contaminate 
critical surfaces. This deficiency of the chamber tests was recognized some time ago and methods to 
increase to  a maximum the molecular sink ability of the chamber were included in some special 
chambers. A number of recent papers by the author shows that return of outgassed molecules in a 
chamber may or may not be more than in space. This depends on the contamination performance of 
the chamber with respect to the orbiting altitude of the spacecraft under test. In recent years, space- 
craft carrying contamination-sensitive instruments and surfaces have required a strict control in the 
prevention of contamination at all levels on the ground and in space. In this paper, the limitations of 
vacuum chambers in regard to self-contamination have been explored to understand the various 
parameters, the flow kinetics, and the methods of measurements necessary to  establish the contamina- 
tion performance. Ultimately, the results of contamination obtained in a test must be related to  the 
conditions to be expected in space and the extent of contamination damage that may result. 

The properties of the chamber that control the return of the molecules to  the object under test 
are the capture coefficient of the chamber and the geometric configuration factor between chamber 
and test object walls. These coefficients are grouped in a single parameter Z whose value may vary 
from zero to infinity. The minimum value corresponds to perfect pumping of the chamber, which 
results when the capture coefficient is 1. The maximum is when no pumping occurs. The pumping 
ability is improved when the chamber has a large number of pumps, an unrestricted passage to  the 
very cold surfaces existing at the chamber walls, and the test object offers a small surface area in com- 
parison t o  the chamber walls. 

The number of molecules returning to the spacecraft compared with the number emitted by it, 
or the number of times a molecule emitted returns to  the spacecraft before it is pumped out of the 
chamber, is designated by a and is a function of the parameter 2. This ratio a,  which establishes the 
probable contamination of the spacecraft, becomes Z when Z < 1 .O. 

The actual self-contamination C,, defined as the ratio of the molecules impinging and immobilized 
at the spacecraft t o  those outgassed by it, is the product of a and the capture coefficient of the spa& 
craft surface. Little contamination occurs when Z and the capture coefficient approach zero. The 
capture coefficient approaches zero if the spacecraft surface is at a high temperature with respect to. 
molecules striking the surface. 
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In regard to molecular fluxes existing during testing, there are two main directional flows: one 
originating from the spacecraft and directed to  the walls and another directed in the opposite direction. 
-The flux from the spacecraft is greater than the flux due to  its outgassing. The quantity of gas leaving 
the walls is greater than the quantity impinging on the spacecraft. Flows in a chamber can be related 
to each other by simple transfer functions. The outgassing source qmo is attenuated by l/(qm Z + 1) 
and amplified by Z to  give the return flow at the chamber walls, by Z/B to give the return at the space- 
craft surface, and by Z + 1 t o  give the actual flow from the spacecraft qm . The flow from the space- 
craft q, used as source or input is attenuated by 1 /( 1 + Z )  and amplified by the same gains as above 
to  give the return flows. 

Chamber spacecraft contamination performance parameters Z and a can be established during a 
vacuum test by the simultaneous measurements with flux measuring devices, such as quartz crystal 
microbalances or tubulated ion gages, of the fluxes leaving and returning at several angular and 
longitudinal positions in the vicinity of the spacecraft. The measurement of the return flux at the 
chamber walls would require the knowledge of the configuration factor B for the determination of a 
and Z.  

The self-contamination C, can be determined by comparison of actual contamination on a critical 
surface, either existing or installed on the spacecraft surface, t o  the flux emitted by the spacecraft. 
The installation of a cold finger at the chamber walls to collect material from the spacecraft and cham- 
ber will not indicate the degree of self-contamination. Cold fingers facing opposite directions could be 
used t o  establish total contamination for the test period and the chemical composition of the gases in 
the system. Mass spectrometers arranged in the same m'anner would provide the double function of 
measuring the fluxes and identifying the materials. 

The contamination parameter Z or a can be established in advance for a test if, from previous 
tests, the equivalent capture coefficient for a pump setup at a particular wall is known and the con- 
figuration factor can be estimated by computation. However, the degree of possible contamination 
can only be established by measuring one of the fluxes in the chamber. 

Nude ionization gages in a chamber will not identify the degree of contamination performance of 
the chamber. 

The deterioration of a surface or a malfunction due to  return flow during test can be related to 
the occurrence or  nonoccurrence of these conditions in space using the a or Z parameter in conjunction 
with a similar parameter estimated for space conditions (ref. 18). 

In conclusion, the limitations of chamber tests with regard to molecular contamination have been 
examined. The parameters controlling the contamination have been considered in order to provide a 
clearer understanding of the con tamination that may occur during chamber testing. A dimensionless 
parameter embodying geometry and pumping ability of the chamber describing potential con tamina- 
Pion during test can be determined by appropriate in-chamber measurements. The equations and the 
graphs show the flow relations and lead to an understanding of the conditions existing in the chamber. 
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